Purpose To investigate the effect of treatment of multiple myeloma (MM)-associated spinal fracture with percutaneous vertebroplasty (PVP) and chemotherapy. Methods Patients with MM-associated spinal fracture were randomly divided into combined (PVP and chemotherapy) treatment group (n = 38) and single chemotherapy group (n = 38). For the combined treatment group, bone cement was injected into vertebral body via DSA guided-percutaneous puncture. M2 scheme was used for both groups. And a 5-year follow-up was conducted for the study.
Introduction
Multiple myeloma (MM) is a blood disease characterized by malignant proliferation of monoclonal immunoglobulinproducing abnormal plasma cells. The disease caused osteolytic lesions and (or) diffuse osteoporosis. Approximately 1/3-2/3 MM patients have bone damages at the time of diagnosis [1] . Chemotherapy was the main treatment for MM. Myeloma cells and the M proteins secreted by myeloma cells can infiltrate and damage the vertebral bodies and attachments. Spine is an important part bearing the gravity. Thus, pathological compression fracture of vertebral bodies can easily occur, which results in decreased spinal stability, back pain, neurological dysfunction, depression, irritability and a series of psychiatric symptoms. Consequently, the life quality of the patients was severely affected. Currently, there are many approaches for the treatment of MM-associated spinal fracture, including chemotherapy, radiotherapy, isotope therapy, bisphosphonate therapy, pain treatment and palliative surgical treatment. The main shortcoming of conservative treatment is that it cannot solve the spinal instability caused by tumor damages. More importantly, conservative treatment may increase the risk of spinal collapse and nerve compression [2] . Surgery is suitable for patients with spinal cord compression, but it has large areas of trauma, high incidence of complications and cannot be applied to patients with fractures in multiple vertebral bodies.
With the rapid development of minimally invasive spinal surgical intervention techniques, percutaneous vertebroplasty (PVP) has attracted attentions of more and more spinal surgeons [3] [4] [5] [6] [7] [8] . PVP is a recently developed minimally invasive surgical technique for the treatment of spinal osteolytic damage and pathological compression fractures [3, 4] . PVP relieves pain and prevents vertebral body collapse by increasing the spinal stability. From February 2003 to July 2005, our hospital adopted PVP combined with chemotherapy and bisphosphonate treatment for 38 MM patients with pathological compression fractures in vertebral bodies, and satisfactory efficacy was achieved. We also compared the efficacy of combined treatment (PVP and chemotherapy) with that of conservative treatment (chemotherapy only).
Materials and methods

Clinical information
A total of 76 patients with MM-associated spinal fracture (confirmed by bone marrow biopsy or pathological examination) were randomly divided into PVP and chemotherapy combined treatment group (n = 38) and single chemotherapy group (n = 38). The random principle aimed to make all index to be almost equal between two groups, including gender, age, fracture of spinal segments and other physical conditions, each patient had the same probability of being assigned to any particular treatment. All the patients complied to the following conditions: (1) the patients did not have severe heart, lung or brain diseases and can lie on stomach for a continuous of 1-2 h; (2) thoracic and lumbar fractures were confirmed by preoperative physical examination combined with imaging and there were no symptoms associated with spinal cord or nerve root damages; (3) pain continuously existed and cannot be improved by drug or physical therapy. The two treatment groups were identical in terms of all baseline data before treatment, including age, visual analog pain scale (VAS), KPS, numbers of spinal lesions, and the height of diseased vertebral bodies (P [ 0.05 for all values), indicating a good randomization. The patients in both groups received M2 plan and a-INF chemotherapy for 6 weeks. Regular dosage and methods were used for treatment. During the intermittent period between chemotherapies, the patients were provided with bisphosphonate treatment. All the patients had been screened by CT and X-ray pre-operatively, only ten cases were performed with both MRI and CT. The images of postoperation were also screened by CT. Although MRI has advantage for analyzing spinal cord compression, CT has the same effect on analyzing vertebral body collapse, osteolytic damage, the integrity of the posterior wall of vertebral body and bone cement filling condition as MRI, which was the main index we observed in this study. According to our clinical experience, CT and X-ray can provide a reliable judgment for preoperative examination; CT also can reduce the medical expense for patients (Table 1) .
Equipment and drugs
Percutaneous vertebroplasty equipments including needle, syringe and pressure devices were provided by Shandong Guanlong Company. Needle diameters were 2.5 and 3.2 mm with a length of 100-150 mm. The needles were used for vertebral body puncture and injection of methyl methacrylate (Polymethylmethacrylate, PMMA). Rotary compression devices contained a 10-ml-syringe for the injection of PMMA. PMMA was produced by Tianjin Synthetic Materials Research Institute (Tianjin, China). We added 75% diatrizoate in order to increase the imaging of PMMA under X-ray. The ratio of powder (g)/liquid (ml)/ contrast agent (ml) was 3:2:1.
Surgical methods
Preoperative X-ray, CT or MRI were conducted to determine the location and the number of vertebral bodies involved, the degree of vertebral body collapse, osteolytic damage, the integrity of the posterior wall of vertebral body, invasion degree of pedicle root, and the spinal cord compression. Routine examinations including cardiopulmonary function, blood sugar, PT, liver and kidney function tests and iodine allergy tests were also performed. Analgesic treatment was performed 15 min before surgery. PVP was completed under the guidance of DSA machine.
Patients were in prone position and pedicle pathway was adopted. The tilt angle of pedicle was determined. The spinous process distance of the puncture points and the depth from the puncture point skin to the pedicle were measured. The puncture point was located in 2-3 cm of the spinous process. Lidocaine (1%) was used for local anesthesia. In orthotopic perspective, when the needle reached the depth of cortical bone, the needle did not exceed the leading edge of the pedicle, the needle should be located within the shadow (bull's-eye sign) of pedicle. When the needle penetrate the bone cortex into the vertebral bodies, surgical hammer was used under the surveillance of the lateral fluoroscopy to slowly hammer the puncture needle to the anterior 1/3 site. At this point, the tip point of the puncture needle has crossed over the inner edge of the pedicle. The puncture needle with bevel point surface was recommended. The direction of the needle can be adjusted as necessary. When puncture is completed, the needle core was removed and 5 ml of contrast agent was injected. DSA records dispersion situation of the contrast agent in the vertebral bodies and venous flow. The residual contrast agent and blood in the vertebral body were absorbed with negative pressure in order to reduce the pressure in the vertebral body. Bone cement (PMMA added with non-ionic contrast agent) is pumped into the syringe after mixing. The whole process of injection was monitored by lateral fluoroscopy (Fig. 1) . Bone cement leakage into the outside of the vertebral body was strictly prevented. During the injection, the needle was rotated to achieve a good filling of the cement.
At the end of the injection, the puncture needle was retracted to the cortical bone, and the needle core was inserted. The puncture needle was rotated to prevent the sticking of the needle by the cement. The needle was taken out before solidification of the cement. After 15-20 min of injection until the polymerization of the cement, CT scanning was conducted. The volume of the injected cement ranged from 3 to 9.5 ml (average 4.5 ml for thoracic vertebral body, and 6.2 ml for lumbar vertebral body). PVP was performed in 1 segment for 3 cases, 2 segments for 15 cases and 3 segments for 20 cases (Fig. 2) . A total of 62 thoracic vertebral bodies and 51 lumbar vertebral bodies were included in this study. Single side puncture was performed for 90 vertebral bodies, and both sides puncture was performed for 23 vertebral bodies.
Evaluation of the therapeutic efficacy
If the bone cement was safely injected into the spinal target, and after 1 day, no serious complication was found, the PVP surgery was defined success. European Blood and Marrow Transplantation (EBMT) standard was used to evaluate the therapeutic efficacy [9] . Complete remission (CR), near complete remission (nCR), partial remission (PR), minor response (MR), no change (NC) and disease progression (DP) were used in the evaluation. Overall response rate (ORR) was calculated by using the following formula: ORR = CR ? nCR ? PR. 
Statistical analysis
The student's t test was used for quantitative analysis, and the Chi-square test was used for qualitative analysis. Kaplan-Meier analysis was used for survival comparisons.
Results
Surgery-related complications
Percutaneous vertebroplasty was performed in 38 patients with MM-associated spinal fracture. The number of vertebral bodies ranged from 1 to 9 in each case. Blood pressure, oxygen saturation and pressure were decreased, and thromboxane level was increased in three patients. After oxygen uptake and intravenous injection of dexamethasone, all the parameters were recovered to normal level. Infections did not occur in the injection and puncture sites of vertebral body. Postoperative CT examination showed that bone cement in the vertebral bodies was distributed in a point-and sheet-manner. Leakage of the bone cement to the anterior or lateral side of the vertebral body occurred in 20 patients. However, spinal cord or nerve root compression symptoms did not occur. The average height of anterior vertebral body after surgery was 16.61 ± 0.67 mm, which was significantly higher than that before surgery (15.71 ± 0.70) (P = 0.002). The average height of center line of vertebral body after surgery was 14.52 ± 0.85 mm, which was significantly higher than that before surgery (13.65 ± 0.59 mm) (P = 0.001). The average height of posterior vertebral body after surgery was 23.70 ± 0.97 mm, which was not significantly different from that before surgery (23.67 ± 0.92 mm) (P = 0.120).
Follow-up at 1-year after treatment All patients were followed up every 2 months after treatment. At 1-year follow-up, CR, nCR, PR, MR, NC and DP were observed in 18.4%, 26.3% (10/38), 23.7% (9/38), 7.9% (3/38), 10.5% (4/38) and 13.2% (4/38), respectively, of the patients treated with combined PVP and There was a significant improvement of the average KPS in the combined treatment group compared with that of the single chemotherapy treatment group (P = 0.002).
Follow-up at 3-year after treatment
All the survival patients returned for 3-year follow up. In the combined treatment group, the analgesic effect of the treatment and the functional recovery of the spine were sustained without recurrence of the spinal pain. There was no occurrence of paraplegia and the 3-year survival rate was 73.7% (28/38). In the single chemotherapy group, there were two cases of paraplegia and the 3-year survival rate was 52.6% (22/38). The 3-year survival rate between the two groups was significantly different. The VAS and KPS scores between the two groups were significantly different (P = 0.000 and P = 0.000, respectively) ( Table 2) .
Follow-up at 5-year after treatment Figure 3 showed that patients in the combined treatment group had a better survival than those in the single chemotherapy group. In the combined treatment group, 5-year survival rate was 68.4% (26/38), which was significantly higher than that in the single chemotherapy group (42.1%, 16/38). One case had T7, 8, 11, 12, L1, 2, 3, 5 pathologic vertebral compression fractures (Fig. 4a, b) . PVP was performed for three times within 2 weeks for this patient. During the operation, tissue of MM was collected for pathological examination. CT examination after operation showed that bone cement filled each vertebral body well (Fig. 4c) . Two days after each PVP operation, the vertebral body pain was relieved at a certain level. Two days after the completion of all PVP operations, the patient was able to walk out of the bed by themselves with a VAS score of 1.5. M2 chemotherapy was performed for the patient after PVP operation for 6 weeks, and back pain was completely relieved. This patient has been followed up for 6.5 years, and the function of the spine was stable. The patient can walk freely without any difficulties. X-ray and CT scan showed no changes of vertebral displacement and no further vertebral compression (Fig. 4d) .
Discussion
Traditional treatments of MM are more concentrated in MM themselves, but paying less attention to the bone diseases, which is a mistaken idea of treating MM. MM-associated bone disease also need active treatment. Utilization of bisphosphonates can inhibit protein isopentenylation and osteoclast activity, induce apoptosis, relieve bone pain, prevent pathologic fracture and reduce the incidence of hypercalcemia. However, for those patients with pathologic vertebral compression fractures, the vertebral body is severely damaged by tumors, and the risk of spinal cord compression caused by uneven pressure on the vertebral body is increased. Chemotherapy and bisphosphonate therapy cannot stabilize the spine and effectively relieve the pain. Thus, surgical operation is normally adopted to treat vertebral compression fractures. However, surgical operation has a large area of trauma and high incidence of complications, and requires a long period of recovery, which inevitably affect the implementation of chemotherapy. In addition, open surgical operation is not suitable for non-adjacent multiple vertebral fractures [8] .
We applied PVP to treat spinal tumors, which achieved positive effect in alleviating the pain and improving life qualities. Cortet et al. [3] applied PVP to treat MM and achieved a 68.5% of complete pain-relieving rate and a 30% of partial pain-relieving. We applied PVP for the treatment of pathological vertebral fractures caused by MM, and achieved positive effect in alleviating pain and improving life qualities. In combination with chemotherapy, a 100% efficiency rate was achieved. There are several proposed analgesic mechanisms involved in the treatment. Firstly, PMMA monomer is cytotoxic, resulting in tumor cell dehydration, solidify and finally apoptosis [10] [11] [12] . Secondly, stabilization of the small fractures prevents stimulation of the pain nerve endings caused by squeezing up and down and left-right frictions. Thirdly, polymerization of bone cement can release heat up to 72-78°C, which is sufficient to induce necrosis in tumor tissues and vertebral pain nerve endings [13] [14] [15] [16] . Fourthly, solidification of bone cement can cut off blood supply to induce tumor necrosis. Lastly, hardened cement increased vertebral bone support force, and maintained spinal function [17] [18] [19] [20] [21] . In this study, the anterior, central line and posterior heights of vertebral body after treatment were significantly different from those before treatment. Followup examination did not identify any displacement of treated vertebral bodies.
The original changes of physiological curvature, angular and slipping did not progress further. Further compression of vertebral bodies, spinal cord and nerve endings did not occur. There was no reoccurrence of treated vertebral bodies. These results suggest that after PVP the spine is well stabilized, and the tumors in the vertebral bodies are evenly filled with bone cement. The cement solidifies the lesion areas, provides structural replacement and prevents further damage and collapse of the spine and compression of spinal cord [20] . In this study, we found that leakage of PMMA to the anterior or lateral side of the vertebral bodies occurred in 21 patients, but there were no symptoms and other complications, indicating that PVP is a relatively safe minimally invasive operation.
In this study, the ORR in the combined treatment group was 65.8%, which was significantly higher than that in the single chemotherapy treatment group. After treatment, VAS score was significantly decreased and KPS score was significantly increased in both groups. However, degree of the VAS and KPS score change in combined treatment group was larger than that in the single chemotherapy treatment group. In addition, combined treatment can reduce the occurrence of paraplegia. The most prominent feature of this technology (combination of PVP and chemotherapy) is the treatment of intractable pain caused by pathological vertebral fractures, increase in the spine stability and improvement in the life quality. Digital subtraction angiography (DSA) machine can reflect the leakage of contrast medium into the vertebral tube and the spinal vertebral venous flow, which increases the safety of the operation [22] [23] [24] [25] . Repetitive aspiration of substances from the vertebral bodies can effectively reduce the pressure within the vertebral bodies, and achieve a good filling of the bone cement. Applications of needle tip with bevel surface can well control the direction of the needle tip. Continuous adjustment of the needle direction makes the filling of bone cement more efficient, and reduces the incidence of cement leakage [26] . At last, the disadvantages of PVP operation must be discussed, although the bone cement can solidify the target segments, the solid target segments can cause adjacent segment fractures [27] , and induce the new fractures; meanwhile, the most common risk is bone cement leakage, sometimes bone cement can leak into spinal canal, cause spinal cord or nerve root compression symptoms. In this present study, although leakage occurrence was found in 21 patients, it didn't leak into spinal canal to harm the nerves, and avoided the serious complications. When PVP operation is performed, the whole process of injection must be monitored carefully to prevent the leakage occurrence as much as possible [4] . In summary, PVP can effectively alleviate the pain caused by the osteolytic damage of vertebral body, increase vertebral body strength and improve the spinal stability. Operation of PVP is simple and safe without significant damages and systemic side effects. PVP is suitable for patients with multiple vertebral fractures. Therefore, PVP is an effective minimally invasive treatment for MMassociated vertebral fractures. In combination with chemotherapy and other comprehensive treatment, long-term effect is more satisfactory.
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